Abstract. Hypoxia promotes tumor malignancy in solid tumors. One key mechanism by which this occurs is via epigenetic alteration. The present study demonstrates that hypoxia upregulates the expression of the ten-eleven-translocation 5-methylcytosine dioxygenase (TET) enzymes, which catalyze the conversion of 5-methylcytosine to 5-hydroxymethylcytosine (5-hmC), thereby leading to elevated cellular 5-hmC levels in hepatoblastoma HepG2 cells. Hypoxia inducible factor-1α (HIF-1α) is the main transcription factor activated by hypoxia. A chemical inducer of HIF-1α, CoCl 2 , also increases the expression of TET enzymes. Knockdown of HIF-1α attenuates the hypoxia-induced expression of TET enzymes. These results indicate that hypoxia controls DNA methylation through HIF-1α-mediated TET enzyme regulation in HepG2 cells.
Introduction
Primary liver cancer, predominantly hepatocellular carcinoma (HCC) and hepatoblastoma (HB), one of the most common solid tumors, is the most common cause of cancer-associated mortality worldwide (1) (2) (3) (4) . HCC is the most common liver tumor in adolescents and adults. HCC alone is the fifth most common newly diagnosed cancer and the third leading cause of cancer mortality worldwide (1, 2) , while HB is the most common liver malignant tumor diagnosed by the age of 4 years, accounting for 80% of liver cancers in children under the age of 15 years (5, 6) . Among patients with localized HB or HCC, surgical resection is a common treatment option. Liver transplantation is considered to be the only curative therapy; however, the majority of patients with advanced HB or HCC are not suitable for transplantation (3, 4, 6, 7) . Currently, chemotherapy utilized to treat patients with unresectable HCC results in a poor response and severe toxicity (7) . Thus, more effective agents to combat primary liver cancer are in high demand.
Although the molecular pathogenesis of HCC and HB remains unclear, liver cirrhosis is acknowledged as a premalignant condition for developing HCC (8) . Deregulation of a number of oncogenes, including c-MYC, cyclin D1 and β-catenin, has been observed in HCC (2, 9) . The expression of certain tumor-suppressor genes, including those expressing retinoblastoma protein, deleted in liver cancer 1, P16
INK4A , P53 and E-cadherin, is changed in HCC (2, 10) . HB is considered to arise from hepatic progenitors or hepatoblasts (11, 12) . Mutations in catenin beta 1 and other components of the β-catenin degradation complex, including adenomatous polyposis coli and axis inhibition protein 2, have been reported (13) (14) (15) (16) (17) . Recent studies indicated that genome-wide DNA hypomethylation and promoter CpG island hypermethylation contribute to the initiation and progression of HB and HCC, and are correlated with poor survival (2, (17) (18) (19) (20) (21) .
Rapid cellular proliferation and abnormal vasculature in solid tumors such as HCC result in a highly hypoxic environment in which the expression of hypoxia inducible factor 1-α (HIF-1α) is markedly increased (22) . HIF-1α serves key roles in cancer development by regulating the expression of numerous genes involved in proliferation, angiogenesis, metabolism, survival, cell migration and invasion (22, 23) . Recently, numerous studies have shown that DNA methylation is affected by hypoxia (24, 25) . Methylation at the C-5 position of cytosine is specifically mediated by DNA methyltransferases. The methylated cytosine (5-mC) of CpG dinucleotides in the promoter of a gene represses the transcription of this gene (26) (27) (28) . The ten-eleven-translocation 5-methylcytosine dioxygenase (TET) enzymes catalyze the conversion of 5-mC to 5-hydroxymethylcytosine (5-hmC) to demethylate mammalian DNA (29) (30) (31) . Elevated 5-hmC levels are associated with increased gene expression (26) .
In the present study, the effects of hypoxia on DNA methylation and the expression of TET enzymes in HB HepG2 cells were investigated. The expression of TET enzymes in HepG2 cells exposed to various concentrations of oxygen was assessed using Reverse transcription-quantitative polymerase chain reaction (RT-qPCR), and 5-hmC was detected using immunochemistry and quantified by dot blot. The results of the present study demonstrated that hypoxia regulates DNA methylation through HIF-1α-mediated TET enzymes in HepG2 cells.
Materials and methods
Materials. HepG2 cells were purchased from the American Type Culture Collection (Manassas, VA, USA). Anti-β-actin antibody (clone AC-15) and CoCl 2 were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Rabbit anti-human HIF-1α antibody was purchased from Abcam (Cambridge, MA, USA). Pierce™ ECL Western Blotting substrate and goat anti-rabbit immunoglobulin G (IgG) antibody conjugated to horseradish peroxidase (HRP) were purchased from Pierce (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Polyvinylidene fluoride (PVDF) membrane was purchased from EMD Millipore (Billerica, MA, USA). Rabbit anti-5-hmC antibody was purchased from Active Motif (Carlsbad, CA, USA). Dulbecco's modified Eagle's medium (DMEM) (REF11965), fetal bovine serum (FBS) (REF16000), trypsin/EDTA, DAPI and donkey anti-rabbit IgG antibody conjugated to Alexa Fluor 594 were purchased from Invitrogen (Thermo Fisher Scientific, Inc.).
Cell culture and hypoxia incubation. HepG2 cells were maintained at 37˚C in an atmosphere of 95% air and 5% CO 2 in DMEM containing 10% heat-inactivated FBS, 100 µg/ml penicillin and 100 µg/ml streptomycin. Cells were subcultured every 5 days with trypsin/EDTA and the medium was changed every other day. Hypoxia was achieved by incubating the cells in an incubator in which the oxygen was replaced by pure nitrogen. The gas proportions used were 21% O 2 : 21% O 2 and 5% CO 2 ; 5% O 2 : 5% O 2 , 5% CO 2, and 90% N 2 ; and 1% O 2 : 1% O 2 , 5% CO 2, and 94% N 2 .
RT-qPCR. Total RNA was extracted using the RNeasy Mini kit according to the manufacturer's protocol (Qiagen China Co., Ltd., Shanghai, China). Further genomic DNA removal was performed using the RNase-Free DNase kit, in accordance with manufacturer's protocol (Qiagen China Co., Ltd.). First-strand complementary DNA (cDNA) was synthesized with oligo-dT or random hexamers as primers, using the SuperScript First-Strand Synthesis System (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. An equal volume mixture of the cDNA products (50 ng) was used as templates for PCR amplification. Reactions were performed in a 25-µl volume with iQ™ SYBR Green Supermix (Bio-Rad Laboratories, Inc., Hercules, CA, USA), and 200 nM each of forward and reverse primers using an iCyler iQ instrument and iQ software (Version 2.0; Bio-Rad Laboratories, Inc.). Each sample was analyzed in triplicate. PCR conditions included an initial denaturation step of 4 min at 95˚C, followed by 40 cycles of PCR consisting of 30 sec at 95˚C, 30 sec at 60˚C and 30 sec at 72˚C. Mean quantification cycle (Cq) values from the triplicate PCRs for a gene of interest (GOI) were normalized against the average Cq values for GAPDH from the same cDNA sample (32) . The following primers were used: TET1 forward, 5'-CCG AAT CAA GCG GAA GAA TA-3' and reverse, 5'-ACT TCA GGT TGC ACG GTC TC-3'; TET2 forward, 5'-AGC CCC ATC ACG TAC AAA AC-3' and reverse, 5'-TGT GGT GGC TGC TTC TGT AG-3'; TET3 forward, 5'-CAG CAG CCG AGA AGA AGA AG-3' and reverse, 5'-GGA CAA TCC ACC CTT CAG AG-3'; and GAPDH forward, 5'-GAC AAC AGC CTC AAG ATC ATC AG-3' and reverse, 5'-ATG GCA TGG ACT GTG GTC ATG AG-3'. GAPDH served as control.
Production of short hairpin RNA (shRNA) lentiviruses and transduction.
A shRNA against human HIF-1α was cloned into the pLKO.1 vector according to the manufacturer's protocol (Addgene, Inc., Cambridge, MA, USA). The target sequence is 5'-CTGATGACCAGCAACTTGA-3'. pLKO.1, scrambled shRNA (negative control), pMD2.G (used for virus packaging) and psPAX2 (used for virus packaging) were purchased from Addgene, Inc. All constructs were verified by sequencing. Lentiviruses were produced by co-transfecting 293FT cells (Invitrogen; Thermo Fisher Scientific, Inc.) in 10-cm dishes with 10 µg pLKO.1-shRNA, 2.5 µg pMD2.G and 7.5 µg psPAX2 using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.). Viruses were collected between 16 and 60 h after transfection, and tittered for p24 levels using an ELISA kit (ZeptoMetrix Corporation, Buffalo, NY, USA). HepG2 cells were infected with HIF-1α shRNA at a multiplicity of infection of 20 in the presence of 6 µg/ml polybrene. Virus-containing medium was removed after 16 h and replaced with fresh DMEM. After 24 h, the cells were used experimentally.
Immunocytochemistry. HepG2 cells (3x10 4 cells/cm
2 ) were plated onto poly-D-Lysine-coated 12-well plates. Following treatment with 21 or 1% O 2 for 24 h, the cells were washed with PBS; fixed with 4% formaldehyde for 15 min at room temperature; permeabilized in 0.1% Triton X-100 for 20 min; and blocked with 5% goat serum (Invitrogen; Thermo Fisher Scientific, Inc.) for 1 h at room temperature. Immunostaining with anti-5-hmC antibody (dilution, 1:1,000; cat. no. 39791) was performed at 4˚C overnight. Next, donkey anti-rabbit IgG Alexa Fluor 594 (cat. no. A-21207; dilution, 1:2,000) was incubated for 1 h at room temperature and the nuclei were stained with DAPI for 10 min at room temperature. Images were acquired on a Zeiss Axio Observer inverted fluorescence microscope (Zeiss AG, Oberkochen, Germany) with lenses corrected for plastic culture plates.
Western blot analysis. HepG2 cells (5x10 6 cells) were washed three times with cold PBS and lysed in cold lysis buffer (1% Triton X-100, 10 mM Tris pH 7.6, 50 mM NaCl, 30 mM sodium pyrophosphate, 50 mM NaF, 5 mM EDTA and 0.1 mM Na 3 VO 4 ) with protease inhibitor cocktail tablets for 20 min. Lysates were centrifuged at 4˚C at 16,000 x g for 30 min. Supernatant fractions containing equal amounts of total protein (30 µg/lane) were separated by SDS-PAGE (7.5% gel), transferred onto a PVDF membrane and analyzed using western blot analysis. Protein concentration was determined using the DC Protein Assay (Bio-Rad Laboratories, Inc.) in accordance with manufacturer's protocol. The membranes were blocked in 5% non-fat dry milk in Tris-Buffered Saline-Tween 20 (TBST) buffer for 1 h at room temperature, and immunostained with anti-β actin antibody (dilution, 1:1,000; cat. no. A1978) or rabbit anti-human HIF-1α antibody (1:1,000; cat. no. ab51608) in 5% non-fat milk overnight at 4˚C. Subsequently, the membranes were washed in TBST buffer three times, 5 min each time, at room temperature and the membranes were blotted in goat anti-mouse (cat. no. A28177) or goat anti-rabbit (cat. no. A27036) IgG antibody-conjugated to HRP (both: Dilution, 1:2,000; Thermo Fisher Scientific, Inc.) in 5% non-fat milk, separately, for 2 h at room temperature. Following washing with TBST, ECL detection (Pierce™ ECL; Pierce; Thermo Fisher Scientific, Inc.) was performed according to manufacturer's protocol.
5-hmC dot blot.
Genomic DNA, from HepG2 cells exposed to either 21 or 1% oxygen, was extracted using a QIAamp DNA Mini kit in according with manufacturer's protocol (Qiagen China Co., Ltd.). A total of 200 or 500 ng genomic DNA was denatured in 0.1 M NaOH at 100˚C for 10 min, followed by the addition of an equal volume of cold 2 M ammonium acetate (pH 7.2). Denatured DNA samples were spotted onto a nitrocellulose membrane and crosslinked using a Stratalinker 2400 UV Crosslinker (Agilent Technologies, Inc., Santa Clara, CA, USA) twice. The membrane was blocked with 5% non-fat milk for 1 h and incubated with anti-5-hmC antibody for detection by ECL.
Methylene blue staining. The nitrocellulose membranes contained genomic DNA were immersed in 0.1% methylene blue (Sigma-Aldrich; Merck KGaA) solution in 0.5 M sodium acetate (pH 5.2) and agitated for 10 min at room temperature. The staining solution was removed and the membranes were washed with successive changes of water until the background was reduced sufficiently to observe the DNA dot.
Statistical analysis. All statistical analyses were performed using SPSS 10.0 (SPSS, Inc., Chicago, IL, USA). Data are expressed as mean ± standard error of the mean. Unpaired, two-tailed Student's t-tests were performed to evaluate whether two groups were significantly different from each other. For comparison of multiple groups, analysis of variance by Tukey's test was used. P<0.05 was considered to indicate a statistically significant difference.
Results

Hypoxia increases the expression of TET enzymes in HepG2
cells. The TET enzymes are comprised of three members: TET1, TET2 and TET3 (26) . The expression of TET1, TET2 and TET3 was assessed using RT-qPCR of HepG2 cells cultured under 21, 5 or 1% oxygen for 24 h. The HepG2 cell line is one of the most utilized cell lines in in vitro studies on HB, since it is well characterized and retains numerous hepatocyte-associated features (33, 34) . As shown in Fig. 1A , the level of TET1 and TET2 messenger RNA (mRNA) in HepG2 cells cultured under 5% oxygen was significantly increased compared with that in cells cultured under 21% oxygen (P<0.05). No significant changes were observed for TET3 (P>0.05). When cells were cultured under 1% oxygen, a significant increase in TET1 and TET2 expression was observed compared with the expression under 21 and 5% oxygen (P<0.01 and P<0.05, respectively). TET3 expression under 1% oxygen was also markedly increased compared with that under 21% oxygen (P<0.05). Next, the expression of TET enzymes was measured at various time intervals following exposure to 1% oxygen. As shown in Fig. 1B , the expression of TET1 and TET2 was significantly increased in cells exposed to 1% oxygen for 8 h (P<0.05), 24 h (P<0.01) and 36 h (P<0.01). The expression of TET1 and TET2 in cells exposed to 1% oxygen for 24 and 36 h was higher than that at 8 h (P<0.05). TET3 expression in cells exposed to 1% oxygen for 24 and 36 h was significantly increased (P<0.05). These results indicate that hypoxia upregulates TET1, TET2 and TET3 expression in HepG2 cells. TET1 and TET2 expression is more sensitive to hypoxia than TET3 expression.
Hypoxia elevates the cellular 5-hmC level in HepG2 cells.
The TET enzymes catalyze the oxidation of 5-mC to 5-hmC. The present study evaluated whether the 5-hmC level was changed upon hypoxia. As shown in Fig. 2 , 5-hmC can be detected in the nucleus of HepG2 cells cultured under 21% oxygen. When HepG2 cells were cultured in 1% oxygen for 24 h, greater levels of 5-hmC were observed in the nucleus (Fig. 2D) . To quantify the levels of 5-hmC, a dot-blot assay was performed. The 5-hmC levels in the total DNA from cells exposed to 1% oxygen for 24 h were markedly higher than those in cells cultured in 21% oxygen ( Fig. 2G and H) . The results show that levels of 5-hmC in HepG2 cells are increased upon hypoxia. The expression of TET enzymes in HepG2 cells exposed to 150 µM CoCl 2 was assessed at various time intervals (Fig. 3B) in untreated cells (P<0.05). These results indicate that, as hypoxia, CoCl 2 treatment increases the expression of TET1, TET2 and TET3 in HepG2 cell in a dose-dependent manner.
HIF-1α knockdown attenuates the hypoxia-induced expression of TET enzymes.
The results of the present study demonstrated that the induced expression of HIF-1α, either by hypoxia or CoCl 2 , increases the expression of TET1, TET2 and TET3. To investigate whether the hypoxia-induced changes in TET expression are dependent on HIF-1α, the expression of HIF-1α in HepG2 cells was inhibited with a specific shRNA. HepG2 cells were treated with a shRNA targeted against HIF-1α for 24 h; the cells were then cultured in 1% oxygen for a further 24 h and the expression of HIF-1α was assessed by western blot analysis. HIF-1α expression was markedly reduced compared with that observed in cells transfected with a scrambled shRNA (Fig. 4A) . The expression of TET1, TET2 and TET3 was at a similar level in cells transfected with the shRNA against HIF-1α cultured in either 21 or 1% oxygen (Fig. 4B) . The expression of TET1, TET2 and TET3 in HepG2 cells transfected with scrambled shRNA (control) in 1% oxygen was significantly increased compared with that observed in cells under 21% oxygen (Fig. 4C, P<0 .01). These results suggest that HIF-1α knockdown attenuates the increased expression of TET enzymes in hypoxic HepG2 cells.
Discussion
Aberrant DNA methylation associated with epigenetic modification is a hallmark of cancer pathogenesis (37, 38) . When a tumor is growing, certain tumor regions, such as those in the center of the tumor, are starved of oxygen due to abnormal vascularization, resulting in a hypoxic microenvironment (22, 23) . Hypoxia has been demonstrated to induce DNA hypomethylation in normal and hepatoma cells (24, 25) . The current study demonstrated that hypoxia increases the expression of TET enzymes and elevates cellular 5-hmC levels in HB HepG2 cells. CoCl 2 , a chemical inducer of HIF-1α (35, 36) , also increases the expression of TET enzymes. HIF-1α knockdown with a specific shRNA attenuates the hypoxia-induced expression of TET enzymes. The current results indicate that hypoxia controls DNA methylation through HIF-1α-mediated TET enzymes regulation in HepG2 cells.
HepG2 cells were isolated from a human liver biopsy of a 15-year old male with HB, and were originally considered to be a HCC cell line, but were later shown to be a HB cell line (39) (40) (41) . This cell line is widely utilized in vitro to study HB due to preserving numerous hepatocyte-associated features (33, 34) . The present study demonstrates that three TET enzyme family members, namely TET1, TET2 and TET3, are expressed in HepG2 cells and are involved in maintaining the balance of DNA methylation. TET enzymes sequentially oxidize the methyl group of 5-mC to form 5-hmC, and then catalyze the oxidation of 5-hmC to generate 5-formylcytosine and 5-carboxylcytosine (26, 30) . It has been demonstrated that 5-hmC, as a major epigenetic modification marker, serves a notable role in regulating gene expression in hepatocytes (42) . Recent studies have revealed that the expression levels of 5-hmC and TET enzymes are significantly reduced in HCC tissue samples compared with those in non-cancerous liver tissue in the same patient (18, 43) . Furthermore, the loss of 5-hmC is associated with the progression of HCC (18, 43) . Cui et al (21) has demonstrated that the methylation of genomic DNA in HB tissues is significantly lower than that in the adjacent non-tumor tissues, and the hypomethylation in the CpG sites of the alpha-fetoprotein (AFP) promoter in HB tissues negatively correlates with the expression of AFP. However, the expression of TET enzymes in HB tissues was not reported.
Hypoxia has been regarded as an important factor of the microenvironment, which can induce epigenetic changes in solid tumor cells (24, 25) . Hypoxia induces the expression of TET1, TET2 and TET3, and elevates the level of cellular 5-hmC in HepG2 cells, which is consistent with a previous report stating that hypoxia induces genomic DNA hypomethylation in HCC Hep3B cells (24) . Hypoxia modulates the malignant phenotype of tumor cells through HIF-1α, which regulates the expression of numerous target genes (23, 25) . The HIF-1α chemical inducer CoCl 2 increases the expression of TET1, TET2 and TET3 in a dose-dependent manner in HepG2 cells. To substantiate the hypothesis that HIF-1α upregulates the expression of TET enzymes, HIF-1α expression was attenuated using a specific shRNA in HepG2 cells. HIF-1α knockdown significantly inhibited the transcriptional upregulation of TET enzymes upon hypoxia. These results provide direct evidence that hypoxia regulates TET enzymes expression via HIF-1α.
An increase in TET1 expression and in the level of 5-hmC upon hypoxia has been reported in the neuroblastoma SK-N-BE, NBL-WN and LA1-55n (44) cell lines. Wu et al (45) demonstrated that hypoxia increases cellular 5-hmC levels, and upregulates the expression of TET1 and TET3 in breast cancer MCF7 and MDA-MB-231 cell lines, and in primary breast cancer cells. In line with these studies, the results of the present study demonstrate that hypoxia increases cellular 5-hmC levels and the expression of all three TET enzymes in HepG2 cells. TET1 and TET2 expression was more sensitive to hypoxia than TET3 was. The differences on the expression of TET enzymes upon hypoxia among the above studies may be due to the different patterns of gene expression and/or the different signaling pathway involved in cell lines used.
In conclusion, the results of the present study demonstrate that hypoxia induces expression of TET enzymes, a process mediated by HIF-1α, thus increasing cellular 5-hmC levels in HepG2 cells, which could inform on novel strategies for the future development of therapeutic plans.
